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Blood gene expression profiles of very brief (5 and 10 mins) focal ischemia that simulates transient
ischemic attacks in humans were compared with ischemic stroke (120 mins focal ischemia), sham,
and naı̈ve controls. The number of significantly regulated genes after 5 and 10 mins of cerebral
ischemia was 39 and 160, respectively (fold change X|1.5| and P < 0.05). There were 103 genes
common to brief focal ischemia and ischemic stroke. Ingenuity pathway analysis showed that genes
regulated in the 5 mins group were mainly involved in small molecule biochemistry. Genes regulated
in the 10 mins group were involved in cell death, development, growth, and proliferation. Such genes
were also regulated in the ischemic stroke group. Genes common to ischemia were involved in the
inflammatory response, immune response, and cell death—indicating that these pathways are a
feature of focal ischemia, regardless of the duration. These results provide evidence that brief focal
ischemia differentially regulates gene expression in the peripheral blood in a manner that could
distinguish brief focal ischemia from ischemic stroke and controls in rats. We postulate that this will
also occur in humans.
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Introduction

Stroke is the leading cause of adult disability, and the
third leading cause of death in the United States.
Among patients with ischemic stroke, 15% report a
preceding history of transient ischemic attack (TIA)
(Nguyen-Huynh and Johnston, 2007). Indeed, one-
third of classical TIA patients go on to have ischemic
strokes, the majority occurring within the first week
(Rothwell et al, 2006). Transient ischemic attacks
often show evidence of cerebral infarction, with 25%
to 40% of patients having restricted diffusion on
magnetic resonance imaging (Rothwell et al, 2006).
Related to this finding, we have shown that very brief
focal ischemia in rats simulating human TIAs,
results in brain microinfarctions and an inflamma-

tory response in one-third of the animals (Zhan et al,
2008).

Transient ischemic attacks are underrecognized,
underreported, undertreated, and often do not have
an identified etiology. Analysis of gene expression
after TIAs is one method to gain insight into this
heterogeneous disease. Ischemic brain tissue induces
a response in the peripheral circulation, including an
inflammatory response, which can be detected by
genomic analysis of the blood (Tang et al, 2001;
Schwab et al, 2001; Gelderblom et al, 2009). Several
gene expression studies have been performed in
animals and humans to identify genes in brain and
blood associated with ischemic stroke (Tang et al,
2001, 2006; Lu et al, 2003; Moore et al, 2005; Grond-
Ginsbach et al, 2008; Xu et al, 2008). Gene expres-
sion has also been studied in the brain after brief
periods of focal ischemia that results in ischemia
preconditioning (Stenzel-Poore et al, 2003, 2004;
Dhodda et al, 2004).

Though the effects of brief focal ischemia on brain
have been described, this has not been done for
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blood. We have shown that 10 mins of global cerebral
ischemia does change gene expression (RNA expres-
sion levels) in peripheral blood of rodents (Tang et al,
2003). Moreover, the RNA expression profile in
peripheral blood correlates with neuronal cell death
in rat brain after the global ischemia (Tang et al,
2003). In this study we aimed to determine whether
brief focal ischemia, which simulates TIAs in
humans, changes RNA expression levels in blood.
Adult rats were subjected to 120 mins of focal cerebral
ischemia (stroke), 10 mins of focal cerebral ischemia,
5 mins of focal cerebral ischemia, sham surgery, and
compared with naı̈ve, untouched controls. Whole
blood was obtained 24 h later and RNA expression
assessed on whole genome Affymetrix microarrays.

We report several novel observations. (1) Very brief
focal cerebral ischemia is associated with specific
gene expression profiles in rat blood, which differ
from sham controls and animals with ischemic
stroke. (2) Different durations of focal cerebral
ischemia can regulate duration-specific genes in
blood. (3) Many of the genes regulated by very brief
focal ischemia are common to ischemic stroke genes
and are involved in pathways relating to the
inflammatory response, immune response, and cell
death. These data support the possibility that human
patients with TIAs may have changes in blood gene
expression, and that some of these changes may
depend on the duration of cerebral ischemia.

Matherials and methods

Animals

Fifteen male Sprague–Dawley rats weighing 285 to
338 g (Charles River Labs, Hollister, CA, USA) were
used in this study. The Institutional Animal Care and
Use Committee at the University of California at Davis
approved the animal protocol in accordance with NIH
guidelines.

Focal Ischemia

Brief focal cerebral ischemia was produced by
occluding the middle cerebral artery using the
intraluminal suture technique. Briefly, rats were
anesthetized with 3% isoflurane in a 2 L induction
chamber and maintained with 1.5% isoflurane in
100% oxygen. The right common carotid artery was
exposed through a ventral midline incision. To
occlude the middle cerebral artery, a 3–0 monofila-
ment nylon suture with the tip rounded by heat was
inserted into the external carotid artery and ad-
vanced into the internal carotid artery approximately
20 to 23 mm beyond the carotid bifurcation until
mild resistance was felt. Rectal temperature was
maintained between 36.61C and 37.31C with a
heating blanket throughout the procedure.

Rats were subjected to 5, 10, or 120 mins of focal
ischemia. The suture was then removed, animals
allowed to recover from anesthesia and to survive

24 h. Sham-operated rats were subjected to the identical
surgical protocol except that no suture was inserted
into external carotid artery. Naı̈ve rats were left in their
home cages up until the time of anesthesia and killing.

RNA Isolation

After 24 h of reperfusion, animals were anesthetized
with 3% isoflurane in a 2 L induction chamber and
maintained with 1.5%. isoflurane in 100% oxygen.
Whole blood (5 mL) was then collected from the right
ventricles into 2 PAXgene vacutainers (PreAnalytiX,
Hilden, Germany) from each animal. PAXgene tubes
contain a proprietary reagent that immediately
stabilizes RNA, thus reducing RNA degradation
and inhibiting gene induction after phlebotomy.
Total RNA was isolated according to the manufac-
turer’s protocol (PAXgene blood RNA kit; PreAnaly-
tiX). The RNA isolated with this protocol comes from
all blood cells, including white blood cells (neutro-
phils, basophils, eosinophils, lymphocytes, and
macrophages/monocytes), platelets, and red blood
cells. RNA quality and quantity was assessed as
described earlier (Xu et al, 2008).

Microarray Hybridization

Biotin-labeled cDNA was synthesized from 50 ng of
total RNA using the Ovation Whole Blood Solution
(Nugen, San Carlos, CA, USA) kit according to the
manufacturer’s protocol. Each RNA sample was
hybridized on Affymetrix Rat Genome 230 2.0
microarrays. Microarray processing followed the
Affymetrix protocol.

Microarray Data Normalization and Analysis

Partek Genomic Suite 6.04. software was used for gene
expression analysis. After the arrays were scanned, the
raw expression values for each gene were saved. CEL
file data were then normalized using GC-robust
multiarray average. A P < 0.05 was considered signifi-
cant following a one-way analysis of variance and the
Fisher’s least significant difference test.

Results

Blood Genomic Response

A total of 3,318 (out of 31,099) genes were signifi-
cantly regulated in whole blood of adult rats 24 h
after 120 mins of focal cerebral ischemia (stroke),
10 mins of focal ischemia, 5 mins of focal ischemia,
and sham surgery as compared with naı̈ve control
(one-way analysis of variance, P < 0.05). A cluster
analysis of these 3,318 genes showed that the
changes in gene expression from the same condition
clustered together, suggesting that the changes in
each group were reliable (Figure 1). Among these
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significant genes, 973 were associated with 5 mins
ischemia, 1,336 with 10 mins ischemia, 1,369 with
120 mins ischemia (stroke), and 1,637 with sham
operation. Many of these genes were nonspecific,
meaning that they were regulated by all experimental
conditions (120, 10, 5 mins, and sham) compared
with naı̈ve controls. To show that brief focal
ischemia can selectively modify peripheral blood
gene expression, we excluded genes that were
common to brief focal ischemia, stroke, and sham

operation. Thus, we created 5, 10, 120 mins and
sham-specific gene lists. The numbers of regulated
genes were derived using several different criteria:
(1) X|2| fold change, X|1.5| fold change, or
X|1.2| fold change; and (2) these genes had to be
significantly different from the naı̈ve controls, P 0.05
(Table 1).

We focused on the changes of gene expression
using the moderately stringent criteria of X|1.5|
fold change and P < 0.05 to display and interpret
findings. Figure 2 shows the number of upregulated
(top panel) and downregulated genes (bottom panel)
in separate Venn diagrams using these criteria. The
probe ID, gene symbols, fold change, and gene names
for 5 mins ischemia, 10 mins ischemia, 120 mins
ischemia (stroke), and sham-regulated genes are
listed in Supplementary Tables 1–4, respectively.

Ischemia-Specific Common Genes

Using the Venn diagrams (Figure 2), we determined
the genes that were regulated in common by 5 mins
ischemia, 10 mins ischemia, and 120 mins ischemia
but not by sham operations. These ‘ischemia’-regu-
lated genes are listed in Supplementary Table 5. There
were 86 upregulated ‘ischemia’ genes, and 17 down-
regulated ‘ischemia’ genes. A few genes were regulated
by both 5 and 10 mins of ischemia but not 120 mins of
ischemia. These included C2 (complement component
2), GZMM (granzyme M-lymphocyte met-ase 1), IIGP1
(interferon inducible GTPase 1), SIRPA (signal-regula-
tory protein a, also known as CD172A, OX41), and
PTEN (phosphatase and tensin homolog). These genes
seem to indicate leukocyte signaling that occurs in
response to durations of ischemia on the threshold
(10 mins) of infarction.

Ingenuity pathway analysis (http://www.ingenui-
ty.com) showed that the genes common to all three
ischemia groups were involved in many functions
and pathways (P < 0.05). The top disease or disorder
was inflammatory response and the top physiologi-
cal system development and function was cell-
mediated immune response. The top molecular and
cellular functions and disease-related conditions are
listed in Supplementary Table 9.

Ischemia
10 min

Ischemia
5 min

Stroke
120 min

Control Sham

Standardized Intensity 

G
en

es

Figure 1 Heat map of genes (n = 3,318) significantly regulated
(P < 0.05, one-way analysis of variance) in whole blood of adult
rats 24 h after sham surgery (Sham), 5 mins of focal ischemia
(ischemia 5 mins), 10 mins of focal ischemia (ischemia
10 mins), 120 mins of focal ischemia (stroke 120 mins) as
compared with naı̈ve control subjects (control). These genes
were identified using RNA isolated from whole blood, whole
genome Affymetrix rat microarrays, GC-robust multiarray aver-
age normalization and a one-way analysis of variance. The x axis
shows treatment for the three animals in each group and
the y axis shows individual genes. Note that genes from the three
different animals in each group all clustered together. Red =
upregulation; yellow = no change; green = downregulation.

Table 1 Numbers of specifically regulated genes for each treatment compared with naı̈ve controls (P < 0.05)

Treatment Regulation Numbers of regulated gene probes

X2-fold change X1.5-fold change X1.2-fold change

5 mins ischemia Upregulated 10 21 38
Downregulated 4 18 40

10 mins ischemia Upregulated 34 62 102
Downregulated 35 98 212

120 mins ischemia Upregulated 40 62 64
Downregulated 15 80 170

Sham Upregulated 14 68 308
Downregulated 163 322 410
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Brief Focal Ischemia or Stroke-Specific Genes

To show that very brief focal cerebral ischemia and
120 mins ischemia (which produces stroke in these
studies) can produce specific gene expression pro-
files in peripheral blood, we identified the genes
specific for 5 mins ischemia, genes specific for
10 mins ischemia, and genes specific for 120 mins
ischemia as compared with the controls using the
Venn diagrams in Figure 2. The probe ID, gene
symbols, fold changes, and gene names that are
specific for 5 mins ischemia, 10 mins ischemia, and
120 mins ischemia (stroke) are shown in Supple-
mentary Tables 6–8, respectively. The top three
molecular and cellular functions and neurological

diseases in which the ischemia genes are involved
are listed in Supplementary Table 9. The inflamma-
tory response and cell-mediated immune response
were the top functions shared by ischemia.

Genes Specific for 5 mins of Focal Ischemia

The specific upregulated and downregulated gene
numbers after 5 mins of ischemia were 21 and 18,
respectively. Brief focal ischemia of 5 mins duration
specifically regulated angio-associated migratory cell
protein (AAMP) and CLDN10 (claudin 10) gene tran-
scripts. Angio-associated migratory cell protein encodes
an immunoglobulin-type protein. The protein contains
a heparin-binding domain and mediates heparin-sensi-
tive cell adhesion. CLDN10 encodes claudin 10 protein,
a cellular adhesion molecule. Claudins are integral
membrane proteins and components of tight junctions.
One transcript, a serine (or cysteine) peptidase inhibi-
tor, clade B 11 (SERPINB11), was downregulated about
41-fold by 5 mins ischemia. The heat map of the 39 genes
specific for 5 mins ischemia is shown in Figure 3A.

Genes Specific for 10 mins of Focal Ischemia

The number of specific upregulated and down-
regulated genes after 10 mins ischemia was 62 and
98, respectively. Ten minutes of focal ischemia
specifically regulated CBFB (core-binding factor b),
CCL6 (chemokine (C-C motif) ligand 6), CD63 (CD63
molecule, also known as LAMP-3), CD8B (CD8b
molecule), COL10A1 (Collagen-type X), CREBZF
(CREB/ATF bZIP transcription factor), FCGR2B (Fc
fragment of IgG, low affinity II b, receptor (CD32),
ID1 (inhibitor of DNA-binding 1), NOTCH1 (Notch
homolog 1, translocation-associated (Drosophila)),
PIM1(pim-1 oncogene), PMPCB (peptidase b-mito-
chondrial processing), LILRA6 (leukocyte IgG-like
receptor, subfamily A (with TM domain) 6, also
known as (CD85b), MX1(myxovirus (influenza virus)
resistance 1), MX2 (myxovirus (influenza virus)
resistance 2), and THY-1 (Thy-1 cell surface antigen,
also known as CD7, CD90). Two transcripts were
regulated more than eight-fold after 10 mins ischemia:
Glutathiolne S-transferase theta1///theta3 (Gstt1///
Gstt3; 18.9-fold upregulation); and leukocyte IgG-like
receptor B (LILRB3; 8.9-fold upregulation). The heat
map of these 160 specific genes is shown in Figure 3B.
These findings suggest that additional cell types and
signaling pathways are regulated after the 10 mins
compared with 5 mins of brief local ischemia.

Genes Specific for 120 mins of Focal Ischemia

The number of specific upregulated and downregu-
lated genes after 120 mins ischemia was 62 and 80,
respectively. These genes are fairly specific for brain
infarction (stroke). They included BCL6 (B-cell CLL/
lymphoma 6), CTRB2 (chymotrypsinogen B2), HLA-G

Upregulation

Downregulation

(189)

Sham

(216)

Ischemia

5 min

(334)

Ischemia

10 min
(360)

Stroke

120 min

(381)

Sham

(96)

Ischemia

5 min

(208)

Ischemia

10 min
(188)

Stroke

120 min

Figure 2 Venn diagrams showing the numbers of genes
upregulated (top panel) or downregulated (lower panel) at least
1.5-fold in blood of adult rats 24 h after 5 mins of focal brain
ischemia (ischemia 5 mins), 10 mins of focal brain ischemia
(ischemia 10 mins), 120 mins of focal brain ischemia (ischemia
120 mins = stroke) and sham surgery (sham) as compared with
naı̈ve, untouched controls.
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(MHC class I, G), IRAK2 (interleukin-1 receptor-
associated kinase 2), ITGA9 (a9 integrin), ITM2C
(integral membrane protein 2C), MAP3K3 (mitogen-
activated protein kinase kinase 3), SRPRB (signal
recognition particle receptor B), and TSPO (translo-
cator protein). The pathways and functions of these
and other ‘stroke-specific’ genes are discussed below.
The heat map of these 142 stroke (120 mins ischemia)-
specific genes is shown in Figure 3C. Overall, different
durations of focal ischemia lead to ischemia duration-

specific changes of gene expression involved in the
inflammatory/immune response.

Genes Specific for Sham Operation

Sham operation regulated 390 genes (68 upregulated
and 322 downregulated) compared with naı̈ve control
animals. See Supplementary Table 4 for a list of these
genes. A total of 63 upregulated genes and 11 separate
downregulated genes were common to all treatments
(120 mins ischemia, 10 mins ischemia, 5 mins ische-
mia, and sham) compared with naı̈ve controls.

Discussion

The major finding of this study is that specific
patterns of gene expression occur in the peripheral
blood of rats after episodes of brief focal cerebral
ischemia compared with ischemic stroke and sham
controls. These findings point to signaling differ-
ences based on duration of cerebral ischemia. This
may help in understanding the role of the immune
system in the transition from reversible ischemia
(TIAs) to irreversible ischemia and perhaps to
distinguish these events at the molecular and
cellular levels in animals and in humans.

Gene Expression Profiles After Brief Focal Ischemia,
Stroke, and Sham Operation

Though brief focal ischemia and stroke specifically
regulated many genes, there were many genes shared
by sham surgery and ischemia. These are nonspecific
genes and likely reflect variables common to all of
these animals such as stress, anesthesia, and the
surgery itself.

In contrast, there were also genes common to 120,
10, and 5 mins ischemia—genes that presumably
indicate brain ischemia independent of ischemia
duration. The fact that gene expression changes in a
single sample of blood after ischemia suggests many of
the cells in blood responded. How this occurs is
unclear, but could be related to local release or changes
of various molecules by ischemic endothelium and/or
brain (hormones, cytokines, chemokines, trophic fac-
tors, expression of cell adhesion molecules, and many
others) that affect the circulating cells in blood.

Inflammatory Response and Cell-Mediated Immune
Response

The top disorders for the genes regulated by 5 to
120 mins of ischemia were inflammatory response
and cell-mediated immune response. Ischemia-spe-
cific genes include many inflammatory mediators:
cytokines (IL1B—interleukin-1b); transmembrane
receptors (CLEC7A—C-type lectin domain family
7A, CSF3R [CD114]—colony stimulating factor 3
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Figure 3 Heat maps of genes regulated in whole blood of adult
rats 24 h after brief focal ischemia (ischemia 5 mins; ischemia
10 mins); 24 h after 120 mins of focal ischemia (ischemia
120 mins = stroke); 24 h after sham surgery (sham); and in
naı̈ve control rats (control). (A) Genes specifically regulated in
blood 24 h after 5 mins of focal cerebral ischemia (ischemia
5 mins, left column) compared with the other conditions.
(B) Genes specifically regulated in blood 24 h after 10 mins of
focal cerebral ischemia (ischemia 10 mins, left column)
compared with the other conditions.(C) Genes specifically
regulated in blood 24 h after 120 mins of focal ischemia
(ischemia 120 mins = stroke, left column) compared with the
other conditions. The columns on the x axis show the five
treatment groups (three animals in each group) and the y axis
shows individual genes. The genes in the left column in panels
(A, B, and C) changed by at least 1.5-fold as compared with
naı̈ve controls with P < 0.05. Red = upregulation; yellow = no
change; green = downregulation.
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receptor; IFNGR1 [CD119]—interferon g receptor 1;
IL13RA1—interleukin-13 receptor a1; IL1R2—inter-
leukin-1 receptor, type II; KLRK1 [CD314]—killer
cell lectin-like receptor subfamily K, member 1);
G-protein-coupled receptors (IL8RB—interleukin-8
receptor b; PTAFR—platelet-activating factor recep-
tor); integrin (ITGA5—integrin a5); immunoglo-
bulin superfamily 6; junctional adhesion molecule
2(JAM2); and metallopeptidase-related molecules
(TIMP2—TIMP metalloproteinase inhibitor 2; CTSF—
cathepsin F, cysteine-type peptidase; ECE1—endothe-
lin converting enzyme 1). These molecules are
involved in leukocyte extravasation, a central process
to inflammatory immune responses. Leukocyte extra-
vasation from the circulation into sites of tissue
inflammation is a tightly controlled process involving
the multistep action of traffic signals and adhesion
molecules that mediate tethering, rolling, adhesion,
and diapedesis (transendothelial migration) (Weber
et al, 2007). Selectins initiate leukocyte tethering and
rolling along inflamed endothelium. Rolling slows
down circulating leukocytes and allows the binding
of chemokines such as IL-8 on endothelium to their
specific G-protein-coupled chemokine receptors on
leukocytes (Weber et al, 2007). Thus, the upregulation
of both IL8RB (IL-8 receptor b) and PTAFR likely
contribute to rolling of leukocytes even in the absence
of tissue infarction (brief focal ischemia) in addition
to focal stroke.

Activation of chemokine receptors triggers intra-
cellular signaling pathways that activate leukocyte
integrins. Interactions between leukocyte integrins
and their immunoglobulin ligands on endothelial
cells mediate the adhesion of leukocytes (Weber et al,
2007). In this study, ITGA5 and two immunoglobulin
superfamilies, JAM2 (also known as JAM-B), and
immunoglobulin superfamily 6 (IGSF6) are specifi-
cally upregulated by brief focal ischemia and stroke
in peripheral blood. The function of a5 integrin
remains unclear. JAM2 is a ligand for the integrin
very late antigen 4 (VLA4, also known as a4b1)
(Cunningham et al, 2002). VLA4 is an important
molecule that mediates adhesion as well as rolling
(Steeber et al, 2005). JAM2 is expressed by brain
endothelial cells and is specifically enriched in
certain vessels, such as high endothelial venules
and lymphatics (Palmeri et a, 2000). The origins of
JAM2 in the blood remain to be clarified.

The final step of leukocyte extravasation is
diapedesis, which requires an elaborate series of
adhesive interactions and involving specific molec-
ules (such as CD31, JAM, and CD99) expressed at
junctions between adjacent endothelial cells (Nour-
shargh and Marelli-Berg, 2005). Besides the JAM2
detected in brief focal ischemia and stroke peripheral
blood, a tissue inhibitor of metallopeptidase, TIMP2,
was upregulated specifically by brief focal ischemia
and stroke. It likely regulates diapedesis as well.

Diapedesis is crucial to the cellular functions
of leukocytes in both innate and adaptive immunity.
In the innate immune response, migration of

neutrophils, monocytes, and natural killer cells is
initiated through local generation of inflammatory
mediators (Nourshargh and Marelli-Berg, 2005),
including the cytokine IL1b, which is upregulated
by brief focal ischemia and stroke in peripheral
blood. In adaptive immunity, expression of specific
adhesion and chemokine receptors is regulated in
T lymphocytes in response to antigen-initiated
differentiation (Nourshargh and Marelli-Berg, 2005).
In this study, the IL1b receptor IL1R2 and other
transmembrane receptors (CLEC7A, CSF3R (CD114),
IFNGR1 (CD119), and IL13RA1) were upregulated by
brief ischemia and stroke, indicating that both the
innate and adaptive immune responses are modulated
during brief focal ischemia and ischemic stroke.

Small Molecule Biochemistry

The top molecular and cellular function after 5 mins
of focal ischemia was small molecule biochemistry.
Such genes were mainly involved in the synthesis of
eicosanoids, nitric oxide, proteoglycans, leuko-
trienes (LT) D4, LTE4, and release of eicosanoids
and arachidonic acid.

Eicosanoids are signaling molecules that function in
many systems, including inflammation, immunity
(O’Donnell et al, 2009), and the central nervous system
(Tassoni et al, 2008). There are four families of
eicosanoids—prostaglandins (PG), prostacyclins, throm-
boxanes (TX) and LT. IL1B and PTAFR can increase the
synthesis of PGE2 (Pei et al, 1998; Zhu et al, 2003). IL1B
can increase the release of TXA2 (Woodrow, 2003).

Nitric oxide is an important signaling molecule
involved in a variety of biological processes, includ-
ing vessel homeostasis through inhibition of vascular
smooth muscle contraction, platelet aggregation, and
leukocyte adhesion (Walter et al, 1995). IFNGR1,
IL1B, and KLRK1 are reported to increase the
synthesis of nitric oxide (Rieger et al, 1998; Trauner
et al, 1999; Diefenbach et al, 2003), all of which were
regulated by brief focal ischemia and stroke.

Proteoglycans are a major component of the
extracellular matrix, breakdown of which facilitates
leukocyte transmigration in inflammation and im-
munity. IL1B reportedly decreases the synthesis of
proteoglycan (Attur et al, 2000).

Leukotrienes are potent proinflammatory mole-
cules involved in leukocyte recruitment, adhes-
ion, and transmigration and are synthesized from
arachidonic acid by 5-lipoxygenase. ALOX5AP
(arachidonate 5-lipoxygenase-activating protein),
GGT5 (g-glutamyltransferase 5), and SOAT1 (sterol
O-acyltransferase 1) affect the synthesis of LTD4 or
LTE4 and are regulated by focal ischemia in this study.

Five minutes of focal ischemia also regulated
metabolism of N-acetylmannosamine and ceramide.
NAGK encodes N-acetylglucosamine kinase, which
catalyzes ATP and N-acetyl-D-glucosamine (NAG)
into ADP and N-acetyl-D-glucosamine 6-phsophate.
In addition to being catalyzed by NAGK, ATP can
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also be converted to ADP by ATPases. ATP6V1B2
encodes an ATPase (ATPase, H+ transporting, lyso-
somal V1 subunit B2) and this ATPase can also
convert ATP into ADP. ADP is also converted back to
ATP by ATP synthases. The conversion of these two
molecules is critical for supplying energy for many
important processes. ADP is usually stored in
platelets and is released on platelet activation. When
endothelium is injured, platelets become activated
by the interaction of ADP and other molecules
(Mustard and Packham, 1975; Colman, 1990). Ac-
cordingly, upregulation of NAGK and ATP6V1B2
expression may contribute to energy loss and platelet
activation after brief focal ischemia.

Five minutes of focal ischemia downregulated
CREM, which encodes a transcriptional inhibitor,
cAMP responsive element modulator. Decreasing
CREM expression in pinealocytes leads to enhanced
synthesis of melatonin (Maronde et al, 1999).
Melatonin inhibits the aggregation of the amyloid b
protein that may affect vascular function and be
involved in Alzheimer’s disease. SERPINB11 is
downregulated about 41-fold after 5 mins of focal
ischemia. SERPINB11 encodes a serine protease
inhibitor B11, Serpin B11. Tissue-type plasminogen
activator (tPA), which is an endogenous thrombo-
lytic enzyme inhibitor of clot formation, is a serine
proteinase. As most serpins have a very important
function in the inhibition of tPA the decreased
Serpin B11 could activate tPA thrombolysis after
brief durations of focal ischemia.

Cell Death

Stroke and 10 mins of focal ischemia regulated many
genes related to cell death, whereas 5 mins focal
ischemia regulated very few. Thus, 10 mins of focal
ischemia, which is on the threshold of producing
infarction, regulated many genes in peripheral blood
related to cell death. These included CD40LG (CD40
ligand), RARA (retinoic acid receptor a), SLK
(STE20-like kinase), DHCR24 (24-dehydrocholesterol
reductase), DUSP1 (dual specificity phosphatase 1),
FN1 (fibronectin 1), and NOTCH1 (Notch gene
homolog 1)—which are involved in the cell death
of fibroblasts. PTEN (phosphatase and tensin homo-
log), CD40LG, and FN1 are regulated by stroke and
can increase the cell death of T lymphocytes and B
lymphocytes. Other stroke-regulated genes FCGR2B,
RARA, PEA15 (phosphoprotein enriched in astro-
cytes 15A), SOD2 (superoxide dismutase 2, mito-
chondrial), and ZYX (zyxin) can decrease the cell
death of dendritic cells, pre-B lymphocytes, acti-
vated T lymphocytes, hematopoietic progenitor cells,
epidermal cells, neurons, and cardiomyocytes. No-
tably, CLU (clusterin), CREM (cAMP responsive
element modulator), and GSK3B (glycogen synthase
kinase 3b) can increase the cell death of cortical
neurons. ID1 (inhibitor of DNA-binding 1), PTEN,
and SIRPA (single regulatory protein a, increase cell

death of sympathetic neurons. IL1b can modulate
cell death of thymocytes, macrophages, dendritic
cells, and neutrophils, and LGALS3 (lectin, galactose
binding, soluble 3) can increase cell death of CD4 +
T lymphocytes.

The above ‘cell death’ genes are regulated by
10 mins of focal ischemia, stroke, or both. The effect
of brain ischemia on cell death-related genes in
leukocytes is unclear, but likely relates to turnover of
cells and production of specific cell types that res-
pond to brain ischemia and stroke. Indeed, the chan-
ges of gene expression themselves may well relate in
part to changes in total numbers of specific cell
types—which is a balance of birth and death of each
cell type. For example, 5 mins of focal ischemia
specifically upregulated CFLAR (CASP8 and FADD-
like apoptosis regulator, also known as c-FLIP and
FLIP). c-FLIP downregulates apoptotic molecules in
part by promoting NFkB survival signaling in
leukocytes (Matsumori et al, 2006; Ran et al, 2004).
A number of studies have showed increased circulat-
ing neutrophil counts and decreased lymphocyte
counts in mice (Rosenzweig et al, 2004), rats (Relton
et al, 2001), and humans (Emsley et al, 2003; Ross et
al, 2007; Klehmet et al, 2009) after TIAs and stroke.
The degree to which these changes in cell counts
affect gene expression will have to be addressed in
future studies.

This study shows specific changes in gene expres-
sion in the peripheral blood of rats in response to
very brief focal cerebral ischemia. Though the
functions of some are known, the functions of the
large majority of the regulated genes in response to
focal ischemia remain unclear. For example, stroke
downregulates CTRB1 (chymotrypsinogen B1) 373-
fold and upregulates EHD2 (EPS15 homology do-
main protein, endocytic recycling gene) 24-fold.
However, their role and that of many other genes in
blood after cerebral ischemia is unknown. The
present findings suggest that examination of acti-
vated and suppressed pathways through gene ex-
pression studies in blood after stroke may provide
novel insights in addition to those obtainable by
standard immunological approaches.
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Schanzenbächer P (1995) Platelet-vessel wall interac-
tions, focal adhesions, and the mechanism of action of
endothelial factors. Agents Actions Suppl 45:255–68

Weber C, Fraemohs L, Dejana E (2007) The role of
junctional adhesion molecules in vascular inflamma-
tion. Nat Rev Immunol 7:467–77

Woodrow P (2003) Anthrax: forms, symptoms and treat-
ment. Nurs Stand 17:33–7

Xu H, Tang Y, Liu DZ, Ran R, Ander BP, Apperson M,
Liu XS, Khoury JC, Gregg JP, Pancioli A, Jauch EC,
Wagner KR, Verro P, Broderick JP, Sharp FR (2008) Gene
expression in peripheral blood differs after cardioem-
bolic compared with large-vessel atherosclerotic stroke:
biomarkers for the etiologyof ischemic stroke. J Cereb
Blood Flow Metab 28:1320–8

Zhan X, Kim C, Sharp FR (2008) Very brief focal
ischemia simulating transient ischemic attacks (TIAs)
can injure brain and induce Hsp70 protein. Brain Res
1234:183–97

Zhu Y, Hua P, Lance P (2003) Cyclooxygenase-2 expression
and prostanoid biogenesis reflect clinical phenotype
in human colorectal fibroblast strains. Cancer Res
63:522–6

Supplementary Information accompanies the paper on the Journal of Cerebral Blood Flow and Metabolism website
(http://www.nature.com/jcbfm)

Brief focal ischemia affects gene expression
X Zhan et al

118

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 110–118

http://www.nature.com/jcbfm

	Brief focal cerebral ischemia that simulates transient ischemic attacks in humans regulates gene expression in rat peripheral blood
	Introduction
	Matherials and methods
	Animals
	Focal Ischemia
	RNA Isolation
	Microarray Hybridization
	Microarray Data Normalization and Analysis

	Results
	Blood Genomic Response
	Ischemia-Specific Common Genes

	Figure 1 Heat map of genes (n=3,318) significantly regulated (Plt0.05, one-way analysis of variance) in whole blood of adult rats 24thinsph after sham surgery (Sham), 5thinspmins of focal ischemia (ischemia 5thinspmins), 10thinspmins of focal ischemia (is
	Table 1 Numbers of specifically regulated genes for each treatment compared with naïve controls (Plt0.05)
	Brief Focal Ischemia or Stroke-Specific Genes
	Genes Specific for 5thinspmins of Focal Ischemia
	Genes Specific for 10thinspmins of Focal Ischemia
	Genes Specific for 120thinspmins of Focal Ischemia

	Figure 2 Venn diagrams showing the numbers of genes upregulated (top panel) or downregulated (lower panel) at least 1.5-fold in blood of adult rats 24thinsph after 5thinspmins of focal brain ischemia (ischemia 5thinspmins), 10thinspmins of focal brain isc
	Genes Specific for Sham Operation

	Discussion
	Gene Expression Profiles After Brief Focal Ischemia, Stroke, and Sham Operation
	Inflammatory Response and Cell-Mediated Immune Response

	Figure 3 Heat maps of genes regulated in whole blood of adult rats 24thinsph after brief focal ischemia (ischemia 5thinspmins; ischemia 10thinspmins); 24thinsph after 120thinspmins of focal ischemia (ischemia 120thinspmins=stroke); 24thinsph after sham su
	Small Molecule Biochemistry
	Cell Death

	Disclosure
	References




